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ABSTRACT
The proposed design for the Advanced Neutron Source reactor core consists of closely spaced involute fuel plates. Coolant flows between the plates at high velocities. It is vital that adjacent plates do not come in contact and that the coolant channels between the plates remain open. Several scenarios that could result in problems with the fuel plates are studied. Finite element analyses are performed on fuel plates under pressure from the coolant flowing between the plates at a high velocity, under pressure because of a partial flow blockage in one of the channels, and with different temperature profiles.
INTRODUCTION
One of the critical design regions of the Advanced Neutron Source Reactor ( A N S ) core is the closely spaced fuel plates. The proposed design for the A N S reactor uses involute fuel plates that allow the plates to be inserted in the core in a circular arrangement with a constant gap size (see Fig. 1 ). The conceptual core design consisted of a two-element core: an upper and a lower fuel element.' Figure 2 shows the dimensions for the conceptual core design proposed for the ANS reactor at the time these analyses were performed.
It is vital that adjacent fuel plates in the core do not come in contact with each other and that coolant flow is maintained between the plates at all times. Several things could occur to cause the fuel plates to come in contact or to hinder the flow between the plates: (1) a pressure difference on the fuel plates due to the high velocity of fluid flowing between the fuel plates, (2) a flow blockage in one of the channels, or (3) a difference in thermal loads on adjacent plates, causing the gap between the plates to change, which in turn could effect the rate of heat transfer from the fuel plates.
Finite element analyses of these various load cases were performed to determine their effect. The finite element codes used for these analyses were ADINA and ABAQUS?" The programs PATRAN and IDEAS were used for pre-and postprocessingPJ 
MILLER'S THEORY EXTENDED TO INVOLUTE PLATES
The involute fuel plates in the ANS reactor have fluid flowing between them at high velocities. ( Fig. 3) was developed, and the deflection of the plate, due to a given pressure, was determined.
PATRAN was used to develop the finite element model of the fuel plate; the finite element code ADINA was used to determine the deflection. The change in cross-sectional area for the channel was found by integrating the deflection curve. The result was then multiplied by two to account for the plates on each side of the channel. This value was then divided by the original channel cross-sectional area to give the per-unit change in channel cross section. The per-unit change in the channel cross-sectional area is used to solve Bernoulli's equation for the velocity. Using the method described above, the critical velocity of several flat plates was determined by modeling the plates w i t h twoTo determine the critical velocity in a fuel plate, a finite element model of an involute fuel plate This method of determining the critical velocity of involute fuel plates was used for several purposes in the early design of the A N S reactor, one of which was in performing parameter studies on involute fuel plates being considered for the A N S reactor. These analyses assisted in determining the dimensions for the upper and lower core for the preconceptual A N S core. Table 1 shows the results of some of these analyses. The values in the table do not include a factor of safety. The correct factor of safety is based on the boundary conditions on the plates. Analyses were performed using Miller's theory extended to involute plates to determine the effecf that various boundary conditions, along the length of the fuel plates, had on the critical velocity. Cases were considered where the edges were completely fixed and where the boundary conditions on the edges were various combinations of fixed and simply supported. The critical velocity was not affected much by the various edge conditions until a large part of the plate's edge was simply supported. The involute plate used in this analysis had an inner diameter of 120 mm and an outer diameter of 213.225 mm. Table 2 lists the results of varying the edge conditions on this plate. From these analyses a factor of safety for the critical velocity was determined. Using a typical factor of safety of 1.5 does not take into account the fact that the plates in the actual core are not completely fmed along the edges but are closer to 75% simply supported and 25% fixed. Based on these analyses, the typical value of 1.5 should be multiplied by the ratio of the critical velocity of a fixed plate to the critical velocity of a 75% simply supported plate. Based on these analyses, the safety factor was determined to be 1.875. Using this method, the effects of adding combs at the entrance and exit of the plate assembly were also studied. The result of this analysis showed that the addition of two combs at the top and bottom of the plates would significantly raise the critical velocity. For the case with 100% fixed edges, the addition of the combs would raise the critical velocity from 46.03 to 62.70 m/s. uses Miller's basic theory and extends it to involute plates. The fact that this method considers the problem to be one of instability is questioned based on the results of experimental work? As This type of analysis served as a starting place for the design of the ANS fuel plates. This method the Dynamic Pressure appr~ach.~ This method is based on parallel flow theory and determines the velocity that will cause adjacent plates to touch. In comparing the results of this method with experimental results, Swinson claims that the dynamic pressure is an upper limit. Swinson points out that because the problem is one of highly turbulent flow between the channels, it is difficult to predict the behavior of the plates using a strictly analytical method. He developed a method that combines empirical and analytical solutions.'o This method uses experimental data to develop an empirical solution for assigning the flow load to a plate and then, using an analytical solution, predicts the elastic response of the plate to this load.
FLOW BLOCKAGE EFFECTS ON ADVANCED NEUTRON SOURCE FUEL PLATES
In designing the A N S involute fuel plates, one concern is the effect that a blockage in one of the channels would have on the fuel plates. Using the program FLUENT, T. K. Stovall calculated the pressure in a partially blocked and an unblocked channel. FLUENT is a finite difference, computational, fluid dynamics code. The analyzed case was for the lower fuel plate, from the twoelement core, with a fluid velocity of 25 m/s with one channel 25% blocked. T. K. Stovall furnished pressure data from two FLUENT runs: one from an unblocked channel and one from a channel with the inlet blocked 25% at the inside edge. The assumption for the finite element analysis was that a plate was between the unblocked channel and the partially blocked channel. compatible with the finite element modeling package IDEAS. A translator to read in the pressure data from the FLUENT program and to write out data for the finite element modeling program IDEAS was written. The translator calculated the pressure difference on the fuel plate between the partially blocked channel and the unblocked channel. The translator also wrote an input file for IDEAS that contained the finite element mesh and the pressure difference at each node. Figure 4 shows the finite element mesh of the fuel plate; Fig. 5 shows the calculated pressure difference on the fuel plate. The finite element mesh is finest at the plate inlet where the blockage occurs. This is the location where the plate has the largest pressure difference.
The finite element program ABAQUS was used to perform the fmite element stress analysis. The results of this analysis of a 25% edge blockage show that the maximum stress in the fuel plate is above the yield stress but below the ultimate stress. For 6061-TO aluminum at room temperature, the yield strength is about 57 MPa, and the ultimate strength is about 135 MPa. The maximum stress in the fuel plate between the partially blocked channel and the unblocked channel is 78.4 MPa. This is located along the inside edge of the plate near where the blockage was modeled (Fig. 6 ). This analysis sets up the groundwork for analyzing other fuel element core blockage configurations.
To use the pressure data from FLUENT, it was necessary to convert the data to a format
TEMPERATURE EFFECTS ON GAP BETWEEN ADVANCED NEUTRON SOURCE FUEL PLATES
Variations occurring in the temperature profiles of the plates in the ANS core are due to a nonuniform power distribution in the plates and the differences in gaps between the plates. The case analyzed assumes that the hottest plate in the core and the coldest plate in the core are adjacent. This case gives the largest change in gap. It is an iterative problem because the change in gap effects the temperature profile. These analyses were performed to furnish input to the thermal analyses. Thermal stress analyses to determine the change in gap between hot and cold A N S fuel plates were performed using temperature profiles received from W. R. Nelson. These temperature profiles included the hottest and coldest plates, based on statistical analysis, for both the upper and the lower A N S fuel elements. The finite element model used in these analyses consisted of two upper and two lower fuel plates. From this model, the change in gap between the statistical hot and cold plates was determined using the finite element program ABAQUS. Figure 7 shows the finite element model used for the thermal stress analyses. Depicted are the two upper and two lower plates with the gap between them and the portion of the side walls used in the analyses. The model of the upper and lower fuel plates consists of 512 8-node shell elements. Periodic boundary conditions were imposed on the model to simuIate analyzing the whole core by modeling only two upper and two lower fuel plates along with a portion of the cylinders around the plates. The middle cylinder was fixed at the bottom in the axial and circumferential directions. The inner and outer cylinders are designed to rotate freely to relieve some of the stress in the fuel plates. 
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For the analyses, the temperature data from W. R. Nelson was applied to the fuel plates along with a constant side wall temperature of 51.9"C. The data from W. R. Nelson did not contain temperatures for the side walls, but the temperatures on the plates along the entrance and along the sides adjacent to the side walls were all 5 1.9"C. The assumption of the constant side wall temperature was based on the fact that the plates were 5 1.9"C adjacent to the side walls. One of the upper fuel plates modeled was loaded with the temperature profile for an upper hot plate between two narrow channels; the other upper fuel plate modeled was loaded with the temperature profile for an upper cold plate between two wide channels. Likewise, the two lower plates modeled were loaded with the temperature profiles for a lower hot plate between two narrow channels and a lower cold plate between two wide channels. Figures 8 and 9 show the lower and upper fuel plate temperature profiles respectively.
The results from the analysis of the lower A N S fuel plates show that the gap between the hot and cold plates does change. Figure 10 shows the change in gap, magnified by 5, 59 mm below the top of the fuel plates. The maximum change in gap between the lower fuel plates is 0.200 mm. This maximum change in gap occurs about 59 mm from the top of the plates at a radial position of about 140 mm. Table 3 shows the change in gap between. hot and cold lower fuel plates vs the radial position 59 mm from the top of the plates. The maximum occurs at this point because the temperature profiles have the maximum temperature difference at this location. Because the initial gap between the plates is 1.27 mm, the gap changes a maximum of 15.7%.
The analysis of the upper ANS fuel plates produced similar gap changes. The maximum change in gap between the upper hot and cold plates is 0.288 mm. The location of the maximum value is about 59 mm from the top of the plate and at a radial position of about 208 mm. Figure 11 shows the change in gap magnified by 5. Table 4 lists the change in gap between hot and cold upper fuel plates vs the radial position 59 mm from the top of the plates. As is the case in the lower fuel plates, the maximum deflection occurs where the maximum temperature difference between the two plates occurs. The upper fuel plate gap between the hot and cold fuel plates changes 22.7%.
The analyses of the upper and lower plates show that the axial stresses in the plates from the thermal loads are high. Figures 12 and 13 show the axial stress for the lower and upper fuel plates respectfully. The results of these analyses show that the lower fuel plates have a maximum axial stress of 114.5 MPa and that the upper plates have a maximum axial stress of 133.1 MPa. Both of these values are above the yield strength of the fuel plate material, 6061-TO aluminum. For 6061-TO aluminum the yield strength is about 57 MPa at room temperature, and the ultimate strength at room temperature is about 135 MPa. Both of these values drop off as the temperature goes up. Figure 14 is. a plot of the tensile strength of 6061-TO aluminum as a function of temperature." The temperature of the plates at the location of the maximum stresses is about 52°C; therefore the maximum stresses in the plates are below the ultimate strength. These high axial stresses are occurring in the fuel plates because the side wall temperatures are much cooler than the plate temperatures. The hot plates are attempting to expand more than the cool side walls; thus, a high axial stress results. An analysis was done where the side wall temperatures were assumed to be 68.6"C instead of 51.9"C. For this case the maximum axial stress in the lower fuel plate was 95.15 MPa, and the maximum axial stress in the upper fuel plate was 121.35 MPa. This case shows that by reducing the difference in temperature between the side walls and the fuel plates, the axial stress can be reduced. Several observations were made from the thermal stress analyses of the upper and lower fuel plates. First, the difference in temperature of a hot and a cold fuel plate adjacent to each other can change the gap between the plates by as much as 22.7%. Second, the large difference in temperature between the side walls and the fuel plates causes a maximum stress that is above the yield strength of the material. The actual temperature of the side walls needs to be known to determine the axial stress in the fuel plates. The results of the thermal stress analyses were furnished to D. G. Moms to be input to the thermal analyses. 
CONCLUSION
Analyses on the conceptual design of the ANS reactor involute fuel plates, shown in Fig. 2, revealed problems with the design. The fuel plates in the original two-element core design, with coolant flowing between the plates at high velocities, have stresses above the yield strength for the fuel plate material.
theory: from flat plates to involute plates. Based on this method, the critical velocity of the conceptual design of the fuel plates is below 27 m / s after a factor of safety of 1.875 is included. This method of evaluating the plates was replaced by other methods that more closely compare with experimental data. The analysis of the effect of a flow blockage on the fuel plates shows that the stress in the plate is above the yield strength for the fuel plate material, 6061-TO aluminum. The case analyzed was a lower fuel plate between an unblocked channel and a channel 25% blocked with a flow velocity of 25 d s .
The maximum stress in the fuel plate between the partially blocked channel and the unblocked channel is 78.4 MPa. The yield strength of the material is 57 ma. The effect of temperature on the fuel plates shows that for an adjacent hot and cold fuel plate, the gap between the plates may change as much as 22.7%. These analyses were done on the upper and lower fuel plates of the conceptual design. The axial stress in the fuel plates was above the yield stress for 6061-TO aluminum. The upper hot fuel plate had an axial stress of 133.1 ma; the lower hot fuel plate, 114.5 MPa. The axial stress is caused by the difference in temperature between the fuel plates and the side walls. For this analysis it was assumed that the side walls were at a constant temperature of 51.9"C. The axial stress can be reduced by increasing the side wall temperature.
The design of the A N S fuel plates was not finalized. A design of a three-element core was proposed, and the desired coolant flow velocity between the plates was reduced to 20 m/s. This design was not evaluated using the above analyses. Further work would have to be done to determine if the stresses and deflections in the three-element core would be acceptable.
The study of the critical velocity of the involute fuel plates discussed is an extension of Miller's 21
